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ABSTRACT
An investigation into the localized microstructural response of pure magnesium 
under both quasi-static and dynamic loading is presented in the form of several 
experimental works. The meso-scale events were examined using Digital Image 
Correlation techniques, which provide a methodology for mapping the in-situ full-fie ld 
material strain behavior.  
Firstly, an analysis of the grain boundary activity specifically under dynamic 
conditions at high magnification is discussed. An area of interest in the region of mult ip le 
grain boundaries and triple junctions is selected for characterizing the evolution of the 
strain and local rotation. This is followed by a study experimentally verifying the causes 
of the material failure in the quasi-static case, while simultaneously accounting for the 
effects of grain arrangement on the global response and quantifying the contributions of 
both inter and intragranular deformation. Finally, we discuss the variations in the localized 
strain patterns of rolled magnesium under tension with respect to the multi-scale grain sizes 
in the material, and the local deformation characteristics which are possibly affected.  
In summary, the influence of various granular properties was correlated with the full-
field material response and the structurally weak regions of the material were identified. In 
all scenarios tested, it was verified that the grain boundaries were mechanically weak and 
fracture initiation took place primarily in these regions. Additionally, the intergranular 
deformation quantified in the dynamic regime was seen to occur preferentially at triple 




a single specimen may dictate the locations of mechanically susceptible failure points in 
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1.1 MATERIAL BEHAVIOR UNDER DYNAMIC CONDITIONS 
 For years it has been the goal of many efforts in the field of materials science and 
engineering to effectively characterize the consequences of subjecting solid materials to 
elevated strain rates. More specifically, the exact way a given material’s deformation 
characteristics change under these conditions and how these changes are controlled has 
been a topic spanning the interest of numerous scientific communities. Understanding the 
mechanical response in this regard is crucial for designing a structure that will undergo 
potential shock or impact, or other environmental conditions that introduce dynamic 
stresses on a material. Exploring these phenomena is not only important to engineer ing 
design, but also in developing the complex models for future work in this field. 
To date, there has been clear evidence in the literature to suggest that many common 
engineering parameters are rate-sensitive [1], meaning they take on different values in the 
dynamic regime as opposed to when they are subjected to just quasi-static loading; despite 
the material in question being identical in both cases.  
In the mechanical sense, when a structure is deformed dynamically, the influence 
of high strain rates is known to dictate the amount and degree of the internal flow stress; 
which is known to initiate significant plastic wave propagation. This wave phenomenon 
can directly contribute to a wide range of material effects not seen in quasi-static testing 




banding generation commonly seen under dynamic loading [5]. Another unique feature of 
high strain rate deformation is the presence of significant inertia occurring within the 
material during an event. These inertia effects are the increase in momentum of the 
impacted portion of a specimen as it is propelled into the undeformed sections [6]. This 
inertia effect is known to cause noteworthy changes in the stress calculation for dynamic 
compression tests and is usually accounted for numerically using an integral form of a 
function [7].  
All of the aforementioned dynamic effects can be observed in virtually all solid 
materials such as: polymers, foams, plastics and metals, however, more notable mechanica l 
variabilities exist in metallic systems. For instance, much higher degrees of certain known 
deformation characteristics such as slip and twinning are achieved by applying high strain 
rates to a given material [8, 9]. Lastly, various other aspects of these deformation 
mechanisms in metals have been seen to change drastically depending on the applied strain 
rate which will be discussed thoroughly in the following chapter. 
From a design standpoint, it is important to note that a given material’s rate 
sensitivity may be dependent on multiple factors. For instance, some metals are known to 
display strain rate dependent limits with respect to its stress level and/or strain level [10]. 
Also, the size and general coarseness of the material grains influences the material’s rate 
sensitivity [11-13]. The overall size of the material grains is also a central factor governing 
several other mechanical phenomena which will be covered in later sections. 
1.2 CAPTURING DYNAMIC EVENTS 
In modern experimentation, impact events are commonly generated by a Split 




dynamic response of materials for many years was limited to only examining the global 
response via extensometers and strain gauges. More recently, high speed imaging 
technology has allowed for high resolution recordings in real time, allowing for in-situ 
analysis. As a result, data can be extracted while the event is occurring, rather than strictly 
post-mortem. Depending on the spatial and temporal resolution, it is possible to visually 
dissect the deformation phenomenon as it occurs. However, the images themselves cannot 
quantitatively describe how the material in question deforms.  
The technique of Digital Image Correlation (DIC) is known to effectively map the 
deformation evolution of various solid materials in-situ. DIC is a non-contact full-fie ld 
strain measurement method that determines the in-plane deformation by analyzing images 
taken of the sample’s surface as it deforms. When coupled with a high speed imaging 
system, DIC can provide high resolution data of a dynamic event.  
DIC is the overarching method employed in all experimental works documented in 
this manuscript; the details of DIC operation specifics are beyond the scope of this work 
and will not be discussed but can be found elsewhere [14, 15]. 
1.3 STUDYING THE MICROSTRUCTURAL RESPONSE 
 In general, aptly mapping a material’s microstructural behavior at suffic ient 
resolution can prove challenging. In past works, the grain scale activity is usually described 
by using one or more of the following techniques: the global constitutive response 
characteristics, employing the use of Electron Backscatter Diffraction (EBSD) [16], or 
Transmission Electron Microscopy (TEM) [17]. These methods can clearly illustrate the 
misorientations and signs of certain deformation mechanisms in the microstructure and 




tools are effective in accurately capturing local deformation mechanisms and texture 
evolution, however, they are unable to calculate the local strain occurring in the 
microstructure.  
Recently, DIC analysis has been utilized to accurately describe the grain scale 
deformation behavior in several works [18, 19]. Yet, the extent to which DIC effective ly 
quantifies local deformation at high resolution has not yet been fully tested in the dynamic 
regime. 
1.4 OBJECTIVE 
 The present work seeks to validate a DIC-based method of characterizing the 
microstructural activity of a polycrystalline metal under both quasi-static and dynamic 
loading at sufficiently high resolution at multiple length scales. Pure magnesium is chosen 
for analysis in this regard and currently, there exists relatively few experimental works in 
the literature describing its localized deformation behavior at grain scales. As mentioned 
before, there have been a handful of previous efforts detailing the sharp contrast between 
high and low strain rate effects on pure magnesium. However, the in-situ dynamic material 
characteristics in the immediate presence of the grain boundaries at the meso-scale have 
yet to be fully examined. 
The objective of this work is to present working high resolution full-fie ld 
information regarding the regions in the microstructure most susceptible to damage and 
failure in both quasi-static and dynamic regimes. In addition, the experimental approach 
described in this manuscript attempts to draw conclusions regarding the locations and 
degree of likely deformation mechanisms suspected to be at work in a polycrystall ine 
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OVERVIEW OF MAGNESIUM PROPERTIES
2.1 INTRODUCTION 
 In recent years, magnesium and its alloys have been used extensively in both 
aerospace and automotive applications [1] mainly due to its relatively high specific strength 
and inherent resistance to corrosion effects [2]. This corrosion resistance is also enhanced 
by exposing the material to heat treatment [3]. In general, the alloy forms typically consist 
of magnesium paired with other metals such as: aluminum, zinc or copper and are more 
commonly used in structures than pure magnesium. These metals are categorized as having 
a hexagonal closed-packed (hcp) crystal structure which features a limited number of active 
slip systems, making them experience more brittle type failure under sufficient load [4]. 
Despite this, a growing interest in utilizing magnesium in engineering applications exists, 
and the study of this material continues to be a subject of intrigue in the area of material 
science.  
2.2 SYSTEM DEFORMATION CHARACTERISTICS 
 From an experimental perspective, it is critical to understand the main features of 
how magnesium structurally behaves under various conditions. Historically, several key 
deformation mechanisms are commonly detected under loading. Mechanical slip and 
twinning are the two main features observable during deformation, both of which can occur 
independently or in conjunction [5, 6]. Concerning the main differences between slip and 




increases, while twins nucleate abruptly in the lattice. Also, slip planes are smaller in width 
compared to twinning planes [7]. It should be noted that the mechanisms seen in 
magnesium are dependent on the ambient temperature; where slip and twinning are most 
commonly featured at temperatures below 473 K, whereas other mechanisms such as creep 
are seen at higher temperatures [8]. 
Of the five known slip systems and two twinning  modes commonly associated with 
magnesium, the most common forms of each respective mechanism are prismatic and 
pyramidal slip modes; as well as{011̅2} <011̅1̅> or extension twinning systems [5]. 
Extension twinning is activated upon the onset of plastic deformation, while compression 
twinning occurs in the latter stages and can relieve the accumulated stress concentrations 
in the material [9]. Additionally, extension or tension twinning is observed to be more 
prominent in the dynamic regime for hcp metals [10]. Furthermore, it was concluded by 
Dixit et al. [11] that the rapid development of microstructural twinning was the primary 
mechanism responsible for increased work hardening in dynamically deformed pure 
magnesium. 
In a more general case, Molodov et al. [12], determined that as more modes of 
twinning are initiated in magnesium, a higher overall strain hardening rate is observed. 
Twinning has also been shown to be related to the specimen strain rate; under elevated 
strain rates twinning in magnesium was characterized by Hazeli et al. [13] who found that 
the number of twins that would form in the microstructure was greater and occurred at 
higher degrees of global strain when compared to the quasi-static regime, and that the 
observed twins only displayed a single orientation. Both of these findings were also 




The nucleation of mechanical twinning is also known to be positively correlated with 
the size of the material grains [15]. This is also supported by a more extensive work done 
by Dobron et al. using acoustic emission techniques [16], which demonstrated that 
twinning nucleation is heavily favored in the larger grains at lower levels of global strain 
and is later initiated in smaller grains at higher levels of strain. However, this notion is 
somewhat challenged by a work done by Li, et al [17] who found that the onset of twinning 
plays a significant role even in smaller grains. 
 With regard to temperature effects on twinning, Chino et al. [18] made several 
notable observations in regards to the twinning behavior of a magnesium alloy: twin 
generation was suppressed when the material was exposed to higher temperatures and the 
texture is heavily correlated to the overall susceptibility to twin nucleation. This is also 
confirmed in a separate work by Tucker, et al [19] where twinning volume was shown to 
increase with applied strain rate, irrespective of rolling or transverse directions of a 
magnesium alloy. 
 The type and degree of grain boundary activity has also been studied extensively in 
the literature, mainly how much the regions in the area of grain boundaries contribute to 
the overall deformation of magnesium. Grain boundary triple junction points are known to 
be areas of more concentrated boundary action. Contrary to what is typically seen at a 
single boundary line, triple junctions experience additional rotations and varying sorts of 
grain boundary displacement under loading [20].  
Grain Boundary Sliding (GBS) in polycrystalline metals is shown to cause cracks 
along the boundaries, particularly in the presence of triple junction points [21]. GBS is 




suspected to be related to the amount of triple junction migration; a type of grain boundary 
motion that occurs during deformation [22]. Unlike some of the previously mentioned 
deformation mechanisms, GBS can be prominently featured at both low and high levels of 
strain, and is not strictly limited to a specific regime of magnesium’s deformability [23]. 
In efforts to make the response of magnesium more predictable, a degree of control 
over some of the material behavior can be obtained via grain refinement, leading to several 
notable effects. One of these is increased amount of GBS seen occurring in the material. 
Koike et al, [24] reported a greater amount of GBS at room temperature and that the variant 
of GBS seen here is induced by slip at the grain boundaries. Secondly, it was concluded by 
Somekawa et al. that the refinement of the grains in pure magnesium led to an increase in 
its overall fracture toughness and yielding strength [25]. Lastly, grain refinement through 
plastic processes has been shown to increase the overall ductility of magnesium based 
alloys even at relatively low temperatures [4, 26, 27]. 
Several studies have documented the mechanical response of magnesium and its 
alloys specifically at elevated strain rates. More generally, the overall yield stress and shear 
modulus of magnesium is known to be sensitive to various parameters such as pressure and 
temperature effects; therefore this will influence the degree of work hardening seen in the 
dynamic case [28]. Later, Ishikawa, et al [29] observed that the primarily featured 
phenomena were dislocation glide and mechanical twinning regardless of the ambient 
temperature.  
Another work by Li, et al [30], found that based on the shape of the stress-strain 
response of Mg alloy under dynamic compression, that twinning was a factor in its 




comprehensive study which detailed the effects of sample orientation on the twinning 
phenomenon. Several magnesium alloy samples were cut at different angles and tested 
dynamically, revealing that strain hardening and the yield stress were heavily dependent 
on the angle of cut from the extruded magnesium sheet, and that twinning was seen to occur 
at relatively low levels of global strain. [31], although texture effects are thought to be a 
significant factor in this regard. 
In addition to the mechanisms seen in the dynamic regime, Watanabe, et al [32] 
discovered that the plastic limit of a magnesium alloy can be extended considerably under 
certain temperature conditions under high strain rates.  Finally, an interesting comparison 
study by Mukai, et al [33], showed that when a ZK60 Mg alloy is subjected to dynamic 
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ON THE IN-SITU LOCALIZED DEFORMATION BEHAVIOR OF PURE 
MAGNESIUM UNDER DYNAMIC LOADING1
                                                 





Dynamic grain boundary region deformation of pure magnesium was investiga ted 
and verified by utilizing in-situ full field strain measurements obtained from Digital Image 
Correlation (DIC) techniques. This method was confirmed to effectively characterize the 
microstructural response at high magnification of an area of interest in the vicinity of 
multiple grain boundaries and triple junctions. The highly heterogeneous evolution of the 
material strain patterns was quantified and it was determined that the highest 
concentrations of the localized response were seen to occur primarily at the interfaces 
between the grains, while the amount of in-grain deformation, specifically in the larger 
grains was minimal by comparison. Additionally, the calculated local rotations in the 
material were also seen to take place preferentially at the boundaries and triple junctions. 
Locations of suspected active slip and twinning regions were identified and conclusions 
about other possible modes of deformation are discussed.  
Keywords: Metals and alloys, microstructure, deformation and fracture, magnesium, 
high-strain rate, Digital Image Correlation 
3.2 INTRODUCTION 
Magnesium and its alloys have been implemented in many engineering branches, 
such as aerospace and automotive applications [1]. A primary reason for its increased use 
is that it possesses a high specific strength at room temperature along with an inherent 
resistance to corrosion [2]. However, magnesium is a low-ductility metal that exhibits weak 
grain boundaries under loading, which occurs as a result of the limited number of slip 
systems at room temperature [3]. This gives rise to a significant degree of the local 




closed packed (hcp) crystal structure, consequently it shows increased formation of 
mechanical twins under plastic deformation [4].  
The dominant deformation mechanisms in magnesium are prismatic and pyramida l 
slip modes, as well as {011̅2} <011̅1̅> twinning systems [5]; with the onset of twinning 
being positively correlated with grain size [6]. Under high strain rates, the number of twins 
in magnesium is greater and occurs at higher levels of global strain when compared to the 
quasi-static case [7]. 
In general, material strain rate sensitivity is related to the grain size and overall 
coarseness of the grains [8]. Additionally, polycrystalline metals exhibit different amounts 
of various deformation characteristics depending on the applied strain rate [9]; as twinning, 
basal slip, grain boundary sliding, creep and work hardening are all rate sensitive 
parameters [10].  
With regard to deformation mechanisms in the regions of grain boundaries, Grain 
Boundary Sliding (GBS) is known to cause cracks along the boundaries particularly in the 
presence of triple junctions [11]. Triple junction points are associated with concentrated 
boundary action, and as opposed to a single boundary, they experience additional rotations 
and different modes of grain boundary motion as the dislocation slip tends to change 
direction when reaching a triple point [12]. GBS is also correlated with the amount of triple 
junction migration that occurs; which is a variant of grain boundary motion [13].  
In light of all this, the ability to quantify the local dynamic deformation behavior and 
modes in pure magnesium becomes critically important for effectively including it into 




dynamic deformation response of polycrystalline pure magnesium. Conclusions on the 
suspected modes of deformation are discussed based on the calculated localized strain data. 
3.3 EXPERIMENTAL METHODS 
3.3.1 SAMPLE PREPARATION 
Nominally pure (99.9%) as-cast magnesium was used in the present work. This cast 
magnesium exhibits sufficiently large grain sizes (~500-1000 μm) to enable meso-scale 
measurements. Additionally, the as-cast condition shows relatively weak grain boundaries; 
increasing the probability of observing grain boundary deformation modes. The weak 
boundary regions are a product of impurities which tend to collect at these areas. 
A cubic sample (12×12×12 mm3) was cut from a cast ingot using a band saw and 
machined to its final dimensions using a milling instrument. The surface of the sample was 
polished using incremental grits of sandpaper and further detailed utilizing a range of 
aqueous alumina powders thereby eliminating scratches and defects. The purpose of 
polishing was to prepare the surface such that the microstructure would be clearly visible 
following chemical etching. The specimen was etched for 10 minutes in a solution 
consisting of 6g picric acid, 5mL acetic acid, 10mL water and 100mL ethanol. 
To enable DIC measurements, a black and white uniform speckle pattern was then 
applied to the polished surface using white spray paint and black carbon powder. Note that 
for our purposes, the powder offers a finer speckle configuration at higher magnificat ions 
than traditional black paint. The powder particle size was approximately 10 µm; 
sufficiently small to choose optimal subset sizes during image correlation, which in turn 





3.3.2 EXPERIMENTAL SETUP 
A strain rate of approximately 1000/s was applied using a Split Hopkinson Pressure 
Bar apparatus, which consisted of 25 mm diameter stainless steel incident, transmitted and 
striker bars. The lengths of both the incident and transmitted bars was 1.82 m. The striker 
bar was housed inside of an inert helium gas gun and loading was initiated when the striker 
bar was propelled into the incident bar.  
The sample was held in place between the incident and transmitted bars while 
illuminated by a Photogenic flash lamp. Strain gauges fastened on both the incident and 
transmitted bars were used to detect the impact signal as it traveled along the length of both 
bars. The strain gauges were connected to a signal amplifier which outputted to an 
oscilloscope that captured the impact waveform. This impact signal also initiated the 
triggering of the camera. 
Imaging was performed using an ultra high-speed CCD camera (Shimadzu 
Hypervision HPV-X2, Hadland Imaging) at 500,000 frames per second with an exposure 
time of 1700 ns, and a total of 128 images were recorded. The oscilloscope trigger level 
and delay time of the camera were carefully selected to enable the most precise timing of 
the recording window for accurately capturing the event.  
In order to verify the grain boundary activity with sufficient spatial resolution, a high 
magnification Navitar extension tube with a 0.75x magnification lens was utilized. The 
field of view in this case was approximately 4.2x2.3 mm2 with a spatial resolution of 10.65 
μm/pixel. The images were post-processed using subset and step sizes of 9x9 pixel2 and 1 





3.4 RESULTS AND DISCUSSION 
3.4.1 FULL-FIELD STRAIN DATA 
 
Figure 3.1. Contour maps of the sample illustrating the evolution of the in-plane 
components εxx, εyy and εxy. The sample was loaded in the x-direction and the grain 
boundary lines are overlaid on the plots. 
 
Figure 3.1 displays the local full- field strain map and the microstructure is overlaid 
to provide context on the location of varying strain domains. The images are captured at 
approximately 1, 2, 3 and 4% global axial strain. Here, the strain localization along the 
grain boundaries is displayed by the large contrasts appearing close to the boundary lines. 
This phenomenon is particularly evident when examining the εxx and εyy components and 
this large variability in the normal components of strain is accompanied by the formation 




From Figure 3.1, the localized strain values demonstrate a highly heterogeneous 
deformation pattern as certain regions exhibit higher magnitudes than the global strain. For 
instance, the local values in select regions of εxx and εyy are ≥ 10% in the images of only 
2% global strain.  
Again, these concentrated areas are mainly located in the immediate vicinity of grain 
boundaries, as the highest values of εxx and εyy occur here and in the presence of triple 
junctions. Conversely, the amount of deformation activity taking place inside the larger 
grains remains minimal throughout the dynamic event. This concentration at the triple 
junctions is expected since damage nucleation is known to be more probable here than in 
single boundaries [14]. 
The high strain concentration around the boundaries coupled with a relatively low 
degree of intragranular deformation implies the main failure mechanism in this material is 
grain boundary cracking or intergranular fracture; (i.e. the grain boundaries are weak in 
comparison to the granular strength). This concentration of strain is most likely due to 
compatibility stresses which accumulate at interaction points between grains.  
From a mechanical standpoint, DIC measurements are unable to distinguish specific 
deformation modes. Instead, DIC offers full- field information about the direct strain 
contribution of the suspected regions of these modes to the global strain. The highly 
localized areas which take place primarily inside the grains are believed to be a working 
combination of one or both of these mechanisms. This activity is especially clear when 
examining the εyy component, as there is a high degree of localization evident inside one 





Figure 3.2 provides the full rotation field of material points occurring under dynamic 
loading at 1, 2, 3 and 4% axial strain. In general, it is known that large amounts of local 
rotation of the grains induces failure at the boundaries of a material [12]. 
3.4.2 LOCAL ROTATION FIELD 
 
Figure 3.2. Local rotation evolution plot. Microstructural context is provided by a grain 
boundary overlay. Loading was applied in the x-direction. 
 
In this experiment, a majority of the rotation takes place within the grains next to the 
boundaries, with some concentrations across the boundaries exclusively at triple junction 
points. The high values of ϕ ≥ 5 degrees are significant from one grain to another and 
once again shows that the grain boundary regions experience significant levels of localized 
activity. Moreover, the high amounts of rotation inside the larger grains compared to the 
boundaries imply a relatively unrestricted rotation, and the rotation at the triple junctions 
show a high degree occurring opposite the rotational direction of the larger adjacent grain.  
3.5 CONCLUSION 
The deformation of nominally pure magnesium was captured in-situ under high 
strain rate loading and analysis of the heterogeneous strain and rotation patterns across the 
microstructure was conducted using a DIC-based technique. Based on the observation of 




large rotation values within the grains, the boundaries in this material appear mechanica l ly 
weak, while the larger grains are more resilient to in-grain deformation. Therefore, we 
conclude that the main mode of failure featured here is grain boundary fracture. Ultimate ly, 
this work demonstrates a unique methodology of applying DIC for effective ly 
characterizing the microstructural response of a material at high strain rates. The details of 
this and related works regarding the behavior of polycrystalline metals provide insight into 
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IN-SITU QUANTIFICATION OF INTRA AND INTERGRANULAR DEFORMATION 
IN PURE MAGNESIUM USING FULL-FIELD MEASUREMENTS AT VARIOUS 
DEFORMATION RATES2
                                                 





Owing to the presence of weak grain boundaries as well as significantly coarse grains 
with minimal deformability, grain boundary cracking is almost an inevitable source of 
failure when a cast magnesium-based alloy is to be deformed at relatively low 
temperatures. Our objective in this work is to quantitatively describe the contribution of 
inter- and intragranular deformation to the macroscale deformability and ductility of 
nominally pure as-cast magnesium subjected to quasi-static and dynamic loading. Our 
proposed meso-scale full-field approach is first presented and verified through 
measurements carried out to investigate deformation and grain boundary cracking in cast 
magnesium subjected to quasi-static loading. The same approach is then extended into 
analysis of meso-scale deformation and failure under dynamic loading conditions. A novel 
experimental setup consisting of a split Hopkinson pressure bar (SHPB) and a high-speed 
imaging system is used for in-situ quantification of deformation at microstructural levels 
under high strain rate loading conditions. Our results indicate that the contribution of grain 
boundary region deformation to the total strain applied on the Mg samples is significant 
and depends on the initial grain configuration. In addition, strain rate sensitivity of the 
material was found to be controlled to a higher degree by the grain boundary region 
deformation. 
Keywords: A. ductility; B. constitutive behavior; B. rate-dependent material; C. 
Kolsky bar; digital image correlation 
4.2 INTRODUCTION 
The effects of grain boundaries on the properties of crystalline materials ranging 




From the mechanical behavior perspective, the presence of large fractions of grain 
boundaries (equivalent to having finer grains) is generally accepted to be associated with 
higher strength, higher fracture toughness and improved ductility [1]. However, certain 
metals and alloys may still show relatively low strength and brittle failure response, even 
with fine grain structures. Low strength grain boundaries and the delayed activation of slip 
systems in these polycrystalline metals are documented as being the principal sources for 
such mechanical behaviors [2]. 
Despite having a high specific strength and their growing applications in automotive 
and aerospace industries, magnesium and its alloys are among a group of materials which 
show low ductility at room temperature. This behavior is mainly due to limited activation 
of deformation systems at low working temperatures; while the activation of non-basal slip 
systems at elevated temperatures can significantly increase the degree of intragranular 
deformation, which in turn enhances the overall ductility of the material [3].  
Although grain refinement through severe plastic deformation processes has been 
proven to increase the ductility of Mg-based alloys even at low working temperatures [4-
6], these alloys are still generally regarded as low ductility materials. Without proper grain 
refinement, limited plastic deformation of Mg before failure is even more evident in as-
cast conditions. In this regard, owing to the presence of weak grain boundaries, as well as 
significantly coarse grains with minimal deformability, grain boundary cracking is almost 
an inevitable cause of failure when a cast Mg-based alloy is to be deformed at relative ly 
low temperatures.  
Efforts have so far been devoted to studying intergranular fracture and nomina lly 




hexagonal close packed (hcp) crystal structures. Among these are the work of Hughes et 
al. [2], in which a pseudo three-dimensional model consisting of hexagonal arrays was used 
to characterize cleavage cracking in polycrystalline zinc. Although such modeling 
approaches have proven to facilitate a more in-depth study of possible mechanisms 
governing deformation and failure in the examined materials systems, in-situ experimenta l 
observations to verify the modeling results are still very scarce. The lack of systematic 
experimental studies in this area may be due to challenges which arise with the 
implementation of high resolution in-situ measurement protocols that enable quantitative-
based investigations, especially at grain scales. 
Recent advances in the area of multi-scale full-field measurements, in particular the 
use of digital image correlation (DIC), have facilitated accurate quantification of inter- and 
intragranular deformation in a variety of material systems, from metals to polymer and 
ceramic composites [7-11]. The constant improvement of resolution in imaging devices 
has led to the enhancement of full- field deformation measurements at grain and sub-grain 
levels. Such improvements currently allow for studying grain-level in-situ strain 
localization and damage [12], slip band formation [13], micro-strain evolution in ultra- fine 
grained alloys [14], in-situ phase transformation [15], active slip system identification in 
polycrystalline metals [16-18], and parameter identification for crystal plasticity modeling 
and simulations [19, 20]. Despite constant improvements in spatial resolution of in-situ 
measurements carried out in slow deformation rates, research works dealing with in-situ 
observation and study of meso-scale deformation at high rates of strain is still very limited. 
To the best of our knowledge, there exists only a few studies that take into account in-situ 




Recent trends in the literature have seen growing interest in the applications of full-
field measurements for in-situ investigations of local deformation and failure phenomena 
in a number of different material systems subjected to dynamic loading conditions [22-24]. 
Advances in high-speed and ultra-high speed cameras, in terms of both spatial and temporal 
resolutions [25] have provided the means for such studies.  
Our objective in this work is to present our latest findings in meso-scale full- fie ld 
measurements conducted on nominally pure cast magnesium to provide quantitat ive 
information on the ratio of inter- and intragranular strain as it relates to the macroscale 
material characteristics of deformability and ductility. Our proposed approach is first 
presented and verified through optical-based Digital Image Correlation (DIC) 
measurements carried out to investigate deformation and grain boundary cracking under 
quasi-static loading conditions. The same approach is then extended into the analysis of 
meso-scale deformation and failure for the dynamic case. To this end, a novel experimenta l 
setup consisting of a split Hopkinson pressure bar (SHPB) and a high-speed imaging 
system is used to enable in-situ quantification of deformation at microstructural levels 
under high strain rate loading conditions. Material responses under different strain rate 
conditions are compared and discussed in detail. 
4.3 EXPERIMENTAL 
4.3.1 MATERIAL AND SPECIMEN GEOMETRY 
The material examined in this work was nominally pure (99.9%) as-cast magnesium. 
The reason for choosing the as-cast condition was supported by the facts that (1) grain 
structure in a cast magnesium ingot is coarse enough to enable optical-based meso-scale 




mechanically weak and therefore the probability of grain boundary cracking and 
intergranular fracture escalates, (3) a single ingot of cast magnesium can offer a wide 
variety of grain shapes and orientations. The latter point will be discussed in more details 
in the following sections. 
Cubic samples (10×10×10 mm3) were cut from a single cast ingot using a band saw 
and machined using a milling apparatus. Samples for quasi-static conditions were extracted 
from various locations of the ingot to provide a range of different grain shape/orientations. 
Figure 4.1 schematically shows the locations from which quasi-static samples were 
extracted.  
It should be noted that an as-cast magnesium ingot contains a wide range of grain 
structures. Due to the nature of solidification processes in pure metals, columnar grains are 
formed on the inner mold wall and are elongated towards the center of the ingot. A central 
zone containing equiaxed grains is also formed over the central zones.  
Depending on the purpose, specimen location and loading directions can be selected 
such that a variety of different loading conditions and mechanical responses can be studied 
with respect to the initial grain configuration. Our samples were extracted such that the 
influence of grain orientation and loading direction is reflected in the measurements. In the 
present work, for simplicity, samples were named as “H”, “V” and “E”, for horizonta l, 
vertical and equiaxed grain configurations, respectively.  
Common surface preparation practice, including stepwise grinding and polishing 
with an aqueous alumina powder mixture was applied for each sample. The relatively soft 






Figure 4.1. Schematic representation of the locations in a single Mg ingot from which 
samples were extracted. Loading directions are marked with bold arrows. Chill zones on 
the mold interior walls are not illustrated. 
 
However, this was not considered to be a major issue in the present work because the 
sample surface was intentionally speckled to enable image correlation. Our main intention 
with polishing was to reveal the grain boundaries without the obstruction of major scratches 
or defects on the surface. The locations of these boundaries were later used to distinguish 
inter- and intragranular deformation domains. To reveal the microstructure, specimens 
were etched for 10 minutes in an etchant solution consisting of picric acid, acetic acid, 
water and ethanol. The typical microstructure of a magnesium sample in this work is 
depicted in Figure 4.2a. It should be stated that no notable impurity content was detected 
in the samples. The coarse millimeter-sized grain structure of the cast specimen is clearly 
shown in Figure 4.2a. One surface of each cubic sample was chosen to be speckled for full-
field DIC measurements. Speckling was conducted in this work by first coating the sample 





Figure 4.2. (a) Optical micrograph showing the grain structure of a typical cast Mg 
specimen (sample ‘E’ in Figure 4.1). (b) speckled surface prepared for in-situ DIC. 
 
Immediately afterwards, a thin coat of black carbon powder was sprayed on the 
partially-dried white paint to produce a high-contrast and dense black and white pattern 
suitable for DIC measurements.  
The average powder particle size in this work was 10 µm, small enough to enable 
the selection of a small correlation window (subset size) that allows for detection and study 
of highly localized deformation developed particularly in the vicinity of grain boundaries. 
Note that for our purposes, the carbon powder offers a much finer speckle configuration at 
higher magnifications than traditional black paint. 
4.3.2 EXPERIMENTAL SETUP 
Quasi-static experiments were carried out in a conventional compression testing 
machine with a 22 kN load-cell capacity. Measurement accuracy of the load-cell was ±10 
N, equivalent to ±0.1 MPa margin of error in stress measurements. The specimen was 
placed between hardened stainless steel platens and compressed at a constant rate of 1 





Images of the speckled surface during loading were acquired by a 5 MP CCD camera 
(Grasshopper GS3-U3-51S5M-C, FLIR) at a rate of 1 image per second and at a full-fie ld 
resolution of 2448×2048 pixel2. Imaging rate was synchronized with the load-cell sampling 
rate through the use of a data acquisition box, so that for each and every image acquired 
during loading, a corresponding load data point was also obtained. The camera was 
equipped with a 100 mm macro lens (Tokina) to enable high magnification imaging with 
minimal image distortion. Uniform lighting was provided by high intensity white LED 
lights.  
Loading and imaging were continued until complete specimen failure. Images 
acquired during loading were then imported into the correlation software Vic-2D 
(Correlated Solutions, Inc.) for post-processing. Here, subset and step sizes of 33 pixels 
and 3 pixel were used, respectively. The strain filter size was selected to be 5, the smallest 
filter allowable in this software. Note that selecting these image correlation parameters was 
based on an extensive optimization process, details of which are beyond the scope of this 
work, but can be found elsewhere [26, 27]. In addition, the DIC parameters used in this 
work allow for investigating strong deformation gradients formed across grain boundaries.  
Dynamic experiments were conducted in a conventional SHPB apparatus, consisting 
of 25 mm diameter stainless steel bars. Loading was initiated by a steel striker bar propelled 
by an inert helium gas gun. The length of both the incident and transmitted bars was 1.82 
m, while the length of the striker bar was 0.45 m. To ensure yielding of the specimen, the 
necessary striker bar velocity was calculated to be approximately 11 m/s based on well-
established SHPB equations [28]. The nominal strain rate applied on the specimen in the 




A single high-speed CCD camera (Fastcam SA-X2, Photron) was used to capture 
images of the dynamically deformed specimen during an approximately 500 μs event. The 
frame rate used was 100,000 frames per second.  
The spatial resolution of the camera at the utilized frame rate was 384×260 pixel2 . 
For each experiment, the ends of the sample were lubricated and the specimen was held 
firmly between the incident and transmitted bars while illuminated by a Lumen 200 metal 
arc lamp. Lighting was kept only for several seconds to minimize heating effects.  
Strain gauges on both the incident and transmitted bars were used to detect the impact 
signal. The strain gauges were connected to a signal amplifier which outputted to an 
oscilloscope that captured the impact waveform. This impact signal also initiated the 
triggering of the camera. Similar to our quasi-static experiments, images captured via high 
speed camera were processed initially using a subset size of 13×13 pixel2, and a step size 
of 1 pixel with a filter size of 5. These DIC parameters allow for studying localized 
deformed domains with sufficient resolution.  
Measurement performance, i.e. displacement and strain noise floors, for both quasi-
static and dynamic camera systems were determined through a series of baseline 
measurements similar to the approach followed in Ref. [29].  
Strain noise levels for quasi-static and dynamic experiments were found to be 945 
µε and 1530 µε, respectively. As a final note, due to negligible out-of-plane displacements 
as well as sufficiently high depth of field of the utilized imaging system, the influence of 






4.4 RESULTS AND DISCUSSION 
4.4.1 GLOBAL QUASI-STATIC STRESS-STRAIN RESPONSE 
As previously described, a single ingot of cast magnesium may contain different 
grain structures. This is a consequence of the solidification process, a brief discussion of 
which was presented earlier. The presence of different grain shapes and configurations was 
taken advantage of in this work to explain the possible deformation and failure mechanisms 
that occurred in coarse-grained cast magnesium.  
Quasi-static uniaxial compression was applied on specimens with different initia l 
grain shapes and arrangements. Figure 4.3 shows the stress-strain curves obtained for three 
cubic specimens with different initial grain structures. Note that the global strain 
measurement in our quasi-static experiments was performed using the built in ‘virtua l 
extensometer’ tool of the utilized DIC software, which provides highly accurate strain 
measurements with sub-pixel resolution. This being far more precise than the conventiona l 
compressive strain measurement based on platens displacement. This has been confirmed 
in the literature [24, 30]. 
In all cases, specimens show a nominally linear initial deformation, with nonlinear 
deformation initiating at approximately 35 MPa. This region is designated as ‘Region 1’, 
in which the slight differences between the curves are expected to be due to the init ia l 
arrangement and size of the grains. It should be emphasized here that depending on the 
crystallographic orientation of individual grains in each sample, some grains may start to 
plastically deform before the others [11]; however, the global yielding occurs when all 






Figure 4 3. Quasi-static true stress-strain curves obtained for three different samples, shown 
on the right side of the plot.  
 
After nominal yielding and upon entering Region 2, all curves converge and an 
arrangement- independent response is observed. Note that it is anticipated that the samples 
with different grain structures will show a different plastic deformation response; however, 
the deformation mechanisms for these samples might be such that a similar global 
mechanical response is obtained for our three samples; at least after the initial yielding. 
This behavior is explained through microstructural deformation measurements, discussed 
in detail in the forthcoming sections. 
Upon further deformation and reaching Region 3, intergranular failure initiates in the 
form of cracks at grain boundaries and triple junctions, finally causing failure in the 
specimens. Figure 4.4 shows typical evolution of intergranular cracking and final failure 




Failure occurs at global compressive strains of approximately 8% in all cases. 
Specimen failure shows itself by formation of small visible cracks on the surface, as well 
as a drop in the global stress magnitude. The slight variations in the stress-strain curves 
may be due to the initial grain structure, as failure stress and strains differ slightly and also 
there are variations in region 1 for the specimens tested in this work. The possible reasons 
for this is discussed in the following sections.  
Regardless of the configuration of the grains with respect to the loading direction, it 
was evidently shown that in quasi-static loading, failure always takes place by grain 
boundary fracture. This is indeed a well-understood phenomenon particularly for hcp 
metals, and is related to the role of grain boundaries in transferring in-grain cleavage from 
one grain to another [2]. In hcp metals, owing to insufficient active slip systems in low 
working temperatures, cleavage may happen in grains over some well-defined planes. 
Cleavage planes in neighboring grains do not necessarily meet in a line in their common 
grain boundary.  
Therefore, the two cleavage planes within two neighboring planes intercept at the 
grain boundaries at some angle. Depending on the fracture resistance of the boundary, the 
mismatched strain resulting from the cleavage planes may be partially accommodated at 
the boundary. Previous studies have suggested that the deformation accommodation at 
grain boundaries significantly contributes to the overall failure strain of the material [31, 
2]. Additionally, stress concentrated at grain boundaries suggests that the grains’ 
configurations inherently make them more resistant to twinning activation [32]. 
However, the amount of such contributions has not been verified through in-situ 




discussed in detail in the following, was to quantify the contribution of this grain boundary 
accommodation in the overall deformation of the examined material.  
As a final remark in the study of global stress-strain response, our specimens in this 
work were deliberately machined to dimensions such that the study of grain scale 
deformations and grain interactions using an optical-based approach was possible. One 
may argue that a material with finer grains would have been readily used in high 
magnification optical (or electron) microscopies to conduct the same type of investigations. 
Although this would be a valid argument, our main intention in this work was to implement 
a systematic approach that can be used to facilitate studies in quasi-static as well as 
dynamic loadings. In dynamic loading, as discussed earlier in the introduction, high 
magnification full- field measurements are limited to optical-based approaches. 
Due to this spatial resolution in dynamic conditions, full- field measurements are still 
substantially limited, therefore not allowing for high spatial and temporal resolution 
measurements.  
4.4.2 GLOBAL DYNAMIC STRESS-STRAIN RESPONSE 
Global dynamic stress-strain curves were obtained for the Mg specimens using a 
conventional SHPB apparatus. Figure 4.5 shows dynamic stress-strain curves obtained 
from two independent tests. The curves represent the constitutive response of samples with 
an initial grain structure similar to samples ‘H’ and ‘V’; the two samples with the most 
different grain arrangements, in Figure 4.3. However, an accurate comparison between the 






Figure 4.4. Evolution of intergranular cracking in quasi-static compression applied on a 
magnesium sample with microstructure shown in (a). Global compressive strain applied on 
the specimen are 6%, 8% and 12% in (b), (c) and (d), respectively. Location of the first 
visible cracks is magnified in (c). (e) DIC contour plot of the εyy component of the strain 
field taken at approximately 8% global strain where the mechanical failure is initiated 
(more on DIC in the later sections). Localized behavior of the deformation is concentrated 
at the boundary regions. (Scale bar = 2 mm). 
 
This is clearly because in the quasi-static experiments, the applied load is directly 
measured by highly accurate load-cells, while in SHPB experiments, the stress is estimated 
from signals measured by the strain gauges and based on one-dimensional wave equations. 
(2) Depending on the material tested, the transient stress state may expand over several 
microseconds at the early stages of deformation [29, 33].  
Such a behavior invalidates the stress measurements within the linearly elastic 
regime. Therefore, no conclusive remarks similar to those made for quasi-static 
experiments could be made here. Instead, a direct comparison between the stress-strain 
curves obtained in quasi-static and dynamic conditions has been made. Comparing quasi-




1. Considering the general shape of the curves obtained from dynamic experiments, a 
downward concave appearance is exhibited. This shape is generally considered as 
an indication of higher work hardening rates, which in the particular case of Mg 
and its alloys, is related to the occurrence of higher amounts of twinning during 
deformation [34, 5]. Increased amounts of twinning leads to higher levels of work 
hardening, resulting in a noticeable concave shape in the stress-strain curve. 
Interestingly, the sample corresponding to Test 2 in Figure 4.5 had a similar 
structure to sample ‘H’ in Figure 4.3. For this sample, as most of the grains were 
oriented perpendicular with the loading direction, minimal shear strain was 
expected to develop on grain boundaries, and the applied global deformation was 
mostly consumed in deforming the grains, rather than shearing the boundaries. 
2. Nominal failure strains achieved in dynamic loading are slightly higher than those 
in quasi-static experiments. This observation is consistent with previous ones [5], 
and is explained through remarkable twining and dislocation activities in high strain 
rate compression of magnesium [35, 36]. 
Note that the formation of twins could not be observed and studied in this work, due 
to limitations in the spatial resolution of our full-field measurements. In particular, in-situ 
study of twinning in dynamic loading requires substantially higher resolutions and could 
not be achieved using the utilized imaging system. Apparent failed specimen 
characteristics here were similar to those observed in quasi-static experiments. This means 
that the fracture in this case was also observed to initiate from the boundaries and triple 





However, in the case of dynamic loading, because of the limited control that can be 
applied on the experiment end, loading was continued until complete crushing and 
disintegration of the samples. The dynamic samples saw failure strains slightly higher than 
the quasi-static at around 9%. 
Figure 4.6 compares the constitutive response of the material under two loading 
conditions. Curves representing quasi-static and dynamic response were the averages of 
those previously shown in Figures 4.3 and 4.5. The strain rate sensitivity parameter, m, was 
determined from these curves using the following simple definition: 










        (4.1) 
where subscripts ‘d’ and ‘s’ denote dynamic and quasi-static, respectively, along with their 
true stresses and strains calculated previously. 
The initial increase in the strain rate hardening is consistent with the observations 
made by Dixit et al. [35], and is due to a rapid increase of twins in the structure, which 
promote the overall work-hardening of the material subjected to dynamic deformation. 
Strain rate sensitivity then reaches a maximum at a strain magnitude of ca. 2% and 
decreases afterwards. The rate of decreasing m with strain accelerates at strains > 6%, 
within a region that corresponds to Region 3 previously shown in Figure 4.3. The trend 
observed for the parameter m confirms that strain rate sensitivity of the material is indeed 
related to the microstructural aspects in the material.  
Specifically, as the contribution of intergranular deformation becomes more 







Figure 4.5. Dynamic true stress-strain curves of two measurements. 
This further indicates that the two competing mechanisms described earlier, i.e. 
intra- and intergranular deformations, might show different strain rate sensitivities [37, 
38].Further elaborations and quantification in this regard are provided in the forthcoming 
sections where local strain maps are presented and discussed. 
4.4.3. LOCAL STRAIN MAPPING AND POSSIBLE DEFORMATION MECHANISMS  
The global stress-strain behavior of the samples indicated that there must be two 
principal mechanisms governing the overall deformation and failure of the cast 
magnesium. These two mechanisms are intra and intergranular deformation, the former 
was shown to be the dominant mechanism at lower global strains. Intergranular, or grain 
boundary region deformation, on the other hand, was described as the major deformation 




significant at larger nominal strains and characterized as being less sensitive to the applied 
strain rate.  
 
Figure 4.6. Comparing global constitutive responses in quasi-static and dynamic loadings. 
Strain rate sensitivity, m, is determined as a function of strain using these curves. 
 
In order to provide more quantitative evidence on these competing mechanisms, we 
will hereafter focus on our full- field measurement data. Figure 4.7 shows typical local 
strain maps obtained for sample ‘H’ (see Figures 4.1 and 4.3) under quasi-static loading 
conditions. Initial grain boundaries are overlaid on strain maps in order to give an insight 
on the location of high and low strain domains. In Figure 4.7, the columns represent the 
images at approximately 1, 2, 3 and 4% global strain. From these images, the strain 
localization between the grain boundaries is evidenced by the large contrasts along and 




maps. Here, as the evolution of the strain progresses, the horizontal alignment of the grains 
and the initialization of grain boundary sliding (GBS) is evident. Even if the overlay was 
never utilized, the grain boundaries would appear clearly in the contour maps. Substantia l 
variabilities in the local normal components of strain is accommodated by the formation of 
strong shear deformations in the material, as evidently shown in Figure 4.7.  
It is clearly observed that in-grain and grain boundary deformations show very 
different values than the global strains applied. The visibly wavy patterns is a result of the 
highly heterogeneous strain behavior. For instance, when examining the εyy component the 
large bands of red indicate that little to no localized deformation is occurring there, in 
contrast to the purple and pink regions which represent high magnitude strain behavior. A 
similar response was consistently seen in all specimens in this work. In addition, since we 
observe mechanical failure initiation at approximately 8% global strain, the full field 
information of the both the quasi-static and dynamic experiments showed clear shear 
banding occurring particularly when looking at the εyy component of the contour images. 
It is interesting to note that the locally-developed strains can take significantly higher 
values than those applied globally. For instance, the ɛyy contour map shown in the upper 
right corner of Figure 4.7, corresponding to a 4% global strain exhibits areas that contain 
strains up to twice as high as that applied globally. It is more interesting to note that the 
nominal failure strain of the material in both quasi-static and dynamic loadings is below 
10%, while local strain maps indicate substantially higher in-grain strains. 
A reason for such a phenomenon might be that in spite of the hexagonal closed 
packed crystal structure of pure Mg, relatively small c/a ratios (=1.622) give rise to the 




and pyramidal slip modes as well as {011̅2} <011̅1̅> twinning systems have also been 
identified to be active deformation modes in pure magnesium [39]. 
 
 
Figure 4.7. Contour maps showing the evolution of in-plane strain components at different 
global strain magnitudes for sample ‘H’. Loading was applied in -y direction. Grain 
boundary outline is overlaid on contour maps.  
 
 These modes can all contribute to the relatively large in-gain strain development in 
the material, also proving that low global failure strain is essentially controlled by limited 
deformation and failure resistance of grain boundaries. Of course, this explanation may not 
be generalized to all Mg alloys, since alloying elements are established to be capable of 
substantially altering the c/a ratio in magnesium [40]. With regard to our observations in 
the current work, the deformation activity occurring within the grains may be a working 




the high concentration of strain occurring preferentially at the boundaries in our 
experiments indicates that these particular grains’ arrangements lend themselves to be more 
resistant to twinning activation [32]. 
Furthermore, it is suspected in the early stages of deformation that grain boundary 
sliding is initiated because of the large differences in localized strain shown in the form of 
heavy contrasts in the contour plot, existing at the boundaries. Finally, this grain boundary 
activity ultimately leads to failure in the form of grain boundary fracture. 
4.4.4 QUANTIFICATION OF IN-GRAIN AND GRAIN BOUNDARY 
DEFORMATION 
 
Although strong deformation heterogeneities are clearly evidenced in the strain 
contours, full-field DIC measurements do not make a distinction between data obtained 
inside grains and that over the boundaries. Distinguishing in-grain deformation from that 
developed over the boundaries is an essential task in the present work, as we intend to 
quantify the contribution of each to the total strain applied on the samples. Therefore, we 
propose a simple approach in which we introduce a mechanically relevant ‘effective grain 
boundary thickness (EGBT)’ parameter to distinguish between deformation of the grain 
boundary regions and deformation developed at grain interiors.  
Our proposed idea of EGBT is schematically shown in Figure 4.8. Note that the 
mechanically relevant effective boundary thickness introduced in this work is different 
from grain boundary width used for diffusion studies [41]. The concept used in diffus ion 
studies considers a very narrow region typically with dimensions of a few nanometers used 
to characterize mass transfer through grain boundaries.  
The notion of EGBT proposed in the present work is significantly larger in size, 




is not an inherent material property, rather it depends mainly on the dimensions of the area 
of interest in a DIC-based measurement, and is highly sensitive to image correlation 
parameters used in a DIC analysis. In particular, image correlation parameters that facilitate 
measuring more localized deformation patterns at higher spatial resolutions allow for 
selecting thinner EGBTs. For more detailed discussions regarding the influence of image 
correlation parameters in measuring meso-scale deformation over highly localized regions 
refer to references [26, 27]. 
In order to quantify the EGBT in this work, local strain profiles across grain 
boundaries were considered. Figure 4.9 shows a typical evolution of in-plane strain 
components across a short representative line ‘L’. 
Local strain data over the representative line segment ‘L’ were plotted and fitted with 
proper Gaussian-type curves, as shown in Figure 4.9c. Gaussian curve fitting in this work 
was conducted in MATLAB®. Once the experimental data was fitted with the proper 
Gaussian function, the arithmetic mean and standard deviation were identified, and a one 
standard deviation span of the data was taken as the thickness of the effective grain 
boundary (δGB).  
Due to higher accuracy and better spatial resolution of quasi-static measurements in 
this work, EGBT measurements were carried out for quasi-static specimens and the 
obtained values were used for the case of dynamic loading conditions as well. The above-
mentioned approach was carried out several times for multiple line segments at various 
specimen locations. The average of all δGB measurements was obtained as 200 µm and was 






Figure 4.8. Schematic representation of mechanically relevant effective grain boundary 
thickness (EGBT) and grain interior (GI) regions in this work. Effective boundary 
thickness is denoted by δGB. 
 
Next, strain evolutions over grain boundaries and grain interiors are considered and 
analyzed, in order to estimate the contribution of each mechanism to the total strain. Our 
methodology will be analogous to that proposed by Langdon [42]. In this approach, the 
total strain applied on the specimen, 𝜀𝑇, may be expressed as: 
εT = εGI + εGB           (4.2) 
Where 𝜀𝐺𝐼  is the strain associated with just the intragranular (in-grain) deformation, and 
𝜀𝐺𝐵  is the strain developed over the entire network of grain boundaries. Notice that the 
latter, i.e. ‘grain boundary strain’ henceforward refers to the strain developed over narrow 
effective grain boundaries, the thickness of which was determined as δGB = 200 µm. 





          (4.3) 





Figure 4.9. Contour maps showing a highly heterogeneous distribution of (a) ɛyy and (b) ɛxx 
with a representative line segment ‘L’ used to determine EGBT. Variation of local strain 
components along L is shown in (c) and is used to determine δGB. 
 
Furthermore, due to the complex in-plane strain states, in order to enable a direct 
comparison of local and global strains, the definition of equivalent von Mises strain, 𝜀𝑒𝑞 , 
is used to determine both in-grain and grain boundary strains. Equivalent strain in this 











  (i: ‘GI’ or ‘GB’)   (4.4) 
From a practical point of view, separation of in-grain and grain boundary regions 
within a whole-field area of interest is cumbersome. To accomplish this task at higher 
accuracy levels, we carried out two separate image correlations for each sample. As sho wn 
in Figure 4.10, first, the whole speckled area was selected as the area of interest and all 
strain components were determined. Next, image correlation was performed again, this 




effective grains boundaries were separated from the beginning. Finally, the strain data for 
just the grain boundaries was calculated using equation 4.2. Digital Image Correlation for 
strictly the grain boundary regions was not possible due to the areas of interest being far 
too narrow. Image correlation parameters (subset, step and strain filter) were chosen to be 
the same for all DIC runs. Again this approach is not rigorous and provides just a broad 
generalization about deformation activity occurring in the regions of the grain boundaries.  
Finally, all strain components were spatially averaged over the corresponding area of 
interest and further analyses were performed. 
Figure 4.11 shows the variation of the parameter 𝜂 with respect to the total strain 
applied on our quasi-static samples. All samples show significant variations in the value of 
𝜂 at strains lower than 0.02. This strain range is consistent with Region 1 discussed earlier 
in Figure 4.3, and is associated with the initiation of plastic deformation in the material,  
the occurrence of which is highly heterogeneous due to the initial Schmidt factor of the 
grains. 
After plastic yielding, the 𝜂 parameter takes on values close to 55% for sample ‘H’. 
This indicates that the contribution of in-grain and deformation of the grain boundary 
regions is almost the same in the deformation of the sample with grains mostly oriented 
perpendicular to the loading direction. In sample ‘V’, the one with grain boundaries mostly 
aligned with the direction of the far-file load, the 𝜂 factor displays higher values than those 
of sample ‘H’. 
This observation is indeed consistent with our previous discussions, and can be 
attributed to the occurrence of large local shear strains within the grain boundary network. 





Figure 4.10. Illustration of the methodology used to separate in-grain deformation from 
grain boundary region deformation. Solid green regions in each image indicates the DIC 
area of interest. Showing from left to right: Full-field DIC area of interest, in-grain DIC 
area of interest and grain boundary area of interest. 
 
Finally, in sample ‘E’, i.e., the sample with equiaxed grain arrangement, here the 
highest values of the 𝜂 parameter are achieved. However, this behavior can be related to 
the comparably larger fraction of grain boundaries in this sample, which can accommodate 
higher local deformations in the areas more closely associated with grain boundaries for 
this sample. As a result, if we consider the high values of 𝜂 as a percentage of the grain 
boundary regions for Sample ‘E’, then we would expect to see less extreme values, closer 
to Samples ‘V’ and ‘N’ after passing into Region 2. Because of this, our analysis will be 
primarily focused on the samples with ‘H’ and ‘V’ orientations for comparison purposes.  
Interestingly, for all samples a slight change takes place at total strain values close 
to 0.05. This strain value is approximately at the transition strain between Regions 2 and 3 
in Figure 4.3. Due to the unavailability of deformation data within the bulk of the samples, 
no further discussion can be provided on whether or not any internal damage in the form 
of grain boundary cracking occurred in the material. However, this can be a subject of 
interest for future computational studies or those facilitated by the use of X-ray tomography 
and volumetric image correlation [43, 44]. Regardless, our experimental measurements 




quasi-statically on pure magnesium is substantial. The contribution of grain boundaries in 
this regard was quantified to be at least 50%. This value is higher than that previously 
obtained through computational approaches [2], and can be verified through more accurate 
and realistic crystal plasticity and micromechanics modelings in the future, which may 
utilize a more rigorous definition of the grain boundary regions. 
Of course, one should bear in mind that the measurements in this work were limited 
to a single material. However, a similar approach can be implemented to study other HCP 
metals with more regular grain structures and mechanically stronger grain boundaries. 
Similar to the approach used to identify the 𝜂 parameter in quasi-static loading, this 
parameter was obtained for dynamic experiments as well. Figure 4.12 shows the variation 
of this parameter with respect to total strain applied on the samples in the SHPB 
experiments. Note that the strain rate in this case is approximately 1100/s and that the 
number of data points is significantly smaller, due to limited temporal resolution of the 
imaging in our dynamic experiments.  
The general trends of the 𝜂 parameter in dynamic experiments are similar to the 
quasi-static data, with the only difference being the value of the parameter 𝜂, which is 
significantly smaller in the dynamic experiments compared with the quasi-static tests. 
Results presented in Figure 4.12 indicate that in high strain rate experiments, the maximum 
contribution of grain boundaries to the overall deformation of the samples is approximate ly 
40%, noticeably less than the values obtained for quasi-static conditions for the 
perpendicular and parallel oriented samples. Additionally, region 1 shows high levels of 






Figure 4.11. Variation of the parameter 𝜂 with total strain for quasi-static samples. Symbols 
‘H’, ‘V’ and ‘E’ indicate ‘Horizontal’, ‘Vertical’ and ‘Equiaxed’ grain configurations, 
respectively. See Figure 4.1 for more details.  
 
Finally, in order to enable a quantitative assessment of the role of initial grain 
alignment on the contribution of grain boundary strain to the total deformation, quasi-static 
and dynamic 𝜂 values were directly compared. Note that the direct comparison of the 𝜂 
data for quasi-static and dynamic loading conditions requires the same number of data 
points, and this was indeed a limiting point in our experiments, due to the considerably 
different experiment and interframe times.  
To remedy this, 𝜂 curves obtained for quasi- static and dynamic cases were first 
fitted with 6th degree polynomials, as typically shown in Figure 4.13. The curves were 
regenerated using the fitted polynomials and comparisons were made. Figure 4.14 
compares the 𝜂 parameter by showing the ratio of this parameter for dynamic loading over 





Figure 4.12. Variation of the parameter 𝜂 with total strain for dynamic samples. Symbols 
‘H’ and ‘V’ indicate ‘Horizontal’ and ‘Vertical’ grain orientations, respectively. See Figure 
4.1 for more details. 
 
 Results are shown for both samples ‘H’ and ‘V’, i.e. those with grains elongated 
perpendicular and parallel to the loading direction, respectively. The following remarks are 
worth noting: (1) Contribution of the deformation of grain boundary regions to the total 
applied strain is more prominent for the sample with grains elongated parallel to the global 
loading direction, i.e. sample ‘V’.  
This is in fact anticipated and attributed to the more substantial shear deformation 
process. (2) After yielding, i.e. in Region 2, the relative difference between the 𝜂 values 
decreases constantly with applied strain. This means that the contribution of grain boundary 
region deformation in dynamic loading gradually decreases compared with quasi-static 
loading conditions. Comparing the grain boundary strain with the strain rate sensitivity (m) 




Considering this along with the data shown in Figure 4.13, it can be concluded that the 
deformation of the grain boundary regions plays a more significant role in the overall strain 
rate sensitivity of the material.  
At large strain magnitudes applied dynamically, the overall deformation of the 
material is controlled to a larger extent by the in-grain deformation mechanisms rather than 
that the shear-dominated grain boundary deformation mechanisms. On the other hand, 
relatively higher strain rate sensitivity of the material at smaller total strains can be related 
with grain boundary region deformation mechanisms.  
Our concluding statements above may be of particular significance in modeling 
works that tend to study deformation and failure response of brittle polycrystalline systems. 
In this regard, appropriate models accounting for the strain rate dependence of grain-
boundary deformation seem to be essential in order to obtain more accurate and realistic 
material response. It must be emphasized here that crystal plasticity constitutive models 
incorporating strain rate sensitivity in intragranular deformations are well-established [45, 
46].  
Our observations in this work confirm that similar models are required for 
intergranular deformation studies, as well. In addition, the results found in this work can 
be used as guidelines in the development of grain boundary engineering (GBE) strategies 
in processing of material with desirable mechanical properties [47-49].  
The approach introduced in this work can be applied in studies carried out in the area 
of GBE, particularly shedding light on the mechanical characteristics of grain boundaries 






Figure 4.13. 𝜂 parameter data used for direct comparing of quasi-static and dynamic results. 




Meso-scale full- field deformation characteristics of nominally pure magnesium were 
inspected utilizing digital image correlation under both quasi-static and dynamic loading 
conditions. The quasi-static mechanical response of magnesium due to differing init ia l 
grain configurations was recorded along with the evolution of intergranular cracking under 
uniaxial compression. The contribution of in-grain and inter-grain deformations to the total 
deformation of the samples was quantified. Initial grain configuration was confirmed to 
play a significant role in both the local and global deformation response of samples in slow 




deformation between quasi-static and dynamic cases may possibly be due to in-grain 
mechanisms that are more active in the dynamic regime. 
 
Figure 4.14. Ratio of 𝜂 parameter for dynamic and quasi-static conditions versus total 
strain. ‘Dyn’ and ‘QS’ denote dynamic and quasi-static, respectively. 
 
Additionally, a novel method consisting of a split Hopkinson bar apparatus and a 
high speed camera was used to capture local dynamic deformation of the specimen in-situ. 
The contributions of both inter and intragranular strain in dynamic deformation was also 
quantified, the former of which was found to be dependent on the grain configuration and 
play a substantial role in the macroscale deformation. Strain rate sensitivity levels of the 
material were determined and found to be related to the amount of deformation in the 
immediate area of grain boundaries occurring in the material. The results from this work 




mechanisms responsible in magnesium, which in turn can be applied to the modeling and 
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RELATIVE GRAIN SIZE COMPARISON STUDY 
5.1 ABSTRACT
In the interest of a more complete investigation into the local microstructura l 
response of pure magnesium, we present a brief experimental work examining the grain 
scale strain of several quasi-static tests under tension. The specimens used here feature 
substantially smaller grain sizes than those examined in the previous chapters. The main 
objective in this work was to verify potential effects of material grain size on the localized 
strain activity, while simultaneously testing the effectiveness of DIC techniques at 
considerably small grain sizes with sufficient spatial resolution. 
Our results demonstrated that DIC analysis reveals that many aspects of the grain 
boundary region deformation observed in this work were similar to those seen in Chapters 
3 and 4. In addition, more general comparisons between the compression and tensile tests 
are discussed.  
Results unique to this work include evidence that relative grain size differences 
within a given sample affect the amount, degree and location of the concentrated 
deformation activity. Also, the current study confirms previous hypotheses regarding the 
whereabouts of structurally weak points within a multi-scale grain network. Once again, 
this strain localization is likely a working combination of formerly discussed deformation 





5.2 SAMPLE PREPARATION 
 Nominally pure (99.9%) H24 temper rolled magnesium was used in the present 
work. Samples were cut from a magnesium sheet using a waterjet cutter and were annealed 
in an oven at 550 C for 6 hours to induce grain growth. This rolled magnesium exhibited 
grain sizes of approximately 10 μm before heat treatment and 50 μm after annealing. The 
latter was selected for analysis in order to better study the grain boundary region activity 
under high magnification. It should be noted that the samples grain size heterogene ity 
possibly resulted from exposure to non-uniform ambient temperatures.  
Subsequently, the surfaces of the samples were polished using incremental grits of 
sandpaper and a range of aqueous alumina powders. Each specimen was then etched for 2 
minutes in a solution consisting of the same ingredients mentioned in previous chapters. 
After etching, a surface area of interest on each sample was specified and marked using a 
hardness tester in a manner similar to a different work studying microstructure at high 
magnification [1]. Indentation patterns were placed on a part of the surface free of defects 
and imaged prior to applying the speckle configuration. 
Because of the high level of magnification required for these experiments, a much 
more refined speckle pattern was needed in the present work to detail the grain boundary 
region displacements. To do this, and facilitate accurate DIC measurements, the speckle 
pattern was applied to the polished surfaces by roughening the area of interest with an ultra -
fine grained powder (1000 grit).  
This surface roughening created fine marks and divots which helped generate 
sufficient contrast to be recognized by the DIC software. This speckling technique is 





Figure 5.1. Indentation pattern in three corners to map an area of interest.  
5.3 EXPERIMENTAL SETUP 
Images of the events were recorded with 5 MP CCD camera (Grasshopper GS3-
U3-51S5M-C, FLIR) fixed to a microscope lens at 11.5x magnification. The frame rate 
used was 1 image every 4 seconds. The sample area of interest was captured in a field of 
view of approximately 440x368 μm2 at a spatial resolution of approximately 0.18 μm/pixel. 
The tensile load was applied at a speed of 5μm per second which corresponded to a sample 
strain rate of approximately 2.5x10.4 /s. The motor of the tensile machine was synchronized 
with the lateral governor of the vertically held camera such that the area of interest was 
controlled to remain within the field of view during deformation.  
 Post-processing was done in VIC-2D software and images of each sample were 
correlated using subset and step sizes of 67 and 2 pixels respectively, with a filter size of 




images to best capture the grain boundary activity, and were based on DIC specificat ions 
[2]. Full-field strain maps featuring all three strain components (εxx, εyy ,εxy) of each 
sample were developed and the microstructural grain maps were overlaid on each plot to 
provide context regarding the whereabouts of the heterogeneous strain patterns.  
For both of the tensile specimens in this work, each showed similar grain 
arrangements to each other prior to testing and were loaded until a sufficient degree of 
global strain was achieved. 
5.4 RESULTS AND DISCUSSION  
In-situ DIC analysis revealed that both samples exhibited comparable localized 
deformation features to one another. The surface strain contour plots are shown in Figures 
5.2 and 5.3. In addition, we can compare the results here with previous analysis of our cast 
magnesium samples tested in compression as shown in Figure 5.4. For each sample tested 
in Figures 5.2 and 5.3, the majority of the grains were approximately 50 μm in size. 
However the individual grains themselves had sizes in the range of about 20μm to 100 μm.   
This wide range of grain sizes within each sample is fundamentally different than 
our previous specimens tested quasi-statically (see Figures 4.7 and 5.4) in that, here, the 
relative difference in grain size within each sample was as much as ten times in some areas.  
By comparison, our compression experiments yielded grains that were generally the same 
size as each other with minor variations.  
Similar to the work in chapter 4, the full field strain maps in all the figures shown 
here display by rows each of the three major strain components. Beginning with the axial 






Figure 5.2. Full-field contour strain map of sample 1 featuring all three strain components 
shown by row. Columns represent the degree of global strain. 
 
The plot range of values for the scale of each contour was carefully chosen to best 
display the more prominent regions of concentrated strain as they relate to the overall 
microstructure. As mentioned previously, the global strain was calculated with DIC-based 
‘virtual extensometer’ feature, which gives accurate measurements with sub-pixel 
resolution. Which has been shown to be more precise than calculating from traditiona l 
fixture displacements. 
In this set of experiments, the areas receiving the highest amount of localized strain 
for each component again appeared at grain boundary regions and junction points, while 
the degree of in-grain deformation is again observed to be comparatively small. This is 
most apparent when examining the εxx and εxy maps, where, in the more concentrated 
regions εxx sees values as high as 14% despite the global strain being less than 2%. 




boundary activity when analyzing the transverse strain, which may be due to the fact that 
Poisson’s effect is not as pronounced in this rolled magnesium which was annealed and 
these maps focus on intervals at relatively lower amounts of global strain.  
 
Figure 5.3. Sample 2 contour plots. 
Furthermore, it is seen that in both of the experiments in the current work that the 
highest concentrations of the strain occur preferentially around the relatively larger grains,  
and it appears to be distributed in a more unpredictable manner in the areas around the 
smaller grains. This suggests that the difference in the relative grain size within a single 




the large grained samples with a more consistent grain size distribution tested (Figures 4.7 
and 5.4) where the strain concentrations occur at the grain boundaries but in a less 
predictable manner than in our smaller grained samples. 
 
Figure 5.4. Contour strain maps of large grained magnesium sample tested under 
compression. This sample, in addition to the one featured in Figure 4.7 display a relative ly 
homogenous grain size distribution. 
 
The amount and degree of the localization is also less by comparison. The effects 
of a multi-scale microstructure in metals on the global response have been documented in 
the literature; a pair of studies done on Al-Zr alloys suggests that incorporating larger sized 
grains into a nanocrystalline microstructural matrix serves to make them more unstable in 




response may be compromised, a related work done by Witkin, et al [5] on a Mg-Al alloy 
engineered to have a heterogeneous grain size distribution revealed that the overall strength 
and ductility of the alloy increased after modification. However, it was reiterated that 
specimen yielding presumably initiated and progressed in the regions around larger grains.  
The concentrated deformation occurring within the larger grains may be signs of 
twinning nucleation, which is more probable inside larger sized grains. This has been 
shown in Mg alloys even at low levels of global strain [6, 7]. In addition, the concentrated 
in-grain strain may be evidence of slip occurring in the microstructure, since this is known 
to happen in magnesium alloys under tension; irrespective of the rolling or transverse 
directions [8, 9]. Most likely, however, is the high possibility of large compatibility stresses 
occurring as a direct result of the grain size difference.  
In summary, it is shown here that sufficient spatial resolution is attained for these 
tests; thereby demonstrating the effectiveness of DIC analysis at considerably small length 
scales. The in-situ localized strain response of rolled pure magnesium was characterized 
and it was observed that the boundary regions in proximity to relatively larger grains appear 
to be more susceptible to damage and failure initiation than areas of the microstruc ture 
consisting of comparable grain sizes. In light of these observations, we hypothesize that 
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The experimental works presented in this manuscript document the meso-scale 
microstructural deformation activity of pure magnesium under various loading conditions; 
while simultaneously demonstrating the practicality of DIC analysis in this regard. This 
method allowed for in-depth study of both quasi-static and dynamic events by providing 
high resolution in-situ data for mapping the full- field strain behavior of several variants of 
pure magnesium. From this, we were able to discuss several hypotheses regarding the 
nature of the grain boundary action and global response; specifically making the following 
set of conclusions: 
 For all magnesium specimens tested, it was verified based on the quantitative full-
field strain measurements that the grain boundaries are mechanically weak and 
fracture initiation takes place in these regions. Also, it was hypothesized that the 
calculated in-grain deformation activity seen in all samples tested, was a working 
combination of several deformation mechanisms known to be active in magnes ium. 
 In general, the overall contribution of grain boundary region strain to the global 
response is significant throughout the deformation process and can vary at low 
levels of global strain depending on the initial grain configurations.  
 The global constitutive response of the cast magnesium at low levels of strain is 
also suspected to be dependent on the grain arrangement. 
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 Grain boundary region deformation captured in the dynamic regime was seen to be 
more prominently featured at the triple junction points.  
 It is hypothesized that large relative differences in grain size within a single 
specimen may influence the locations of mechanically susceptible failure regions 
in the microstructure, as well as the possible formation various deformation modes , 
most likely as a result of large compatibility stresses arising in these regions. 
 Finally, it can be concluded that DIC offers a means to effectively quantify the local 
response of a polycrystalline metal subjected to a wide range of applied strain rates 
at multiple length scales at sufficiently high spatial resolution to identify localized 
activity in the immediate vicinity of grain boundary regions. 
6.2 RECOMMENDATIONS 
Based on the observations made here from the experimental studies described in 
this work, some recommendations regarding future work include attempting to further 
characterize the full- field material strain activity as it directly relates to the known 
deformation mechanisms of magnesium. As stated previously, DIC by itself cannot 
confirm the presence of specific modes of mechanical behavior occurring in the material. 
Instead, DIC provides a working contour map regarding the whereabouts of concentrated 
regions of surface strain taking place. In previous works concerning the study of specific 
deformation mechanisms in metals, Electron Backscatter Diffraction (EBSD) was typically 
used to map the texture and confirm the presence of these phenomenon. This technique is 
one of the most cited methods of which to definitively identify the regions featuring 
twinning activity. However, a limitation of EBSD is that it is unable to compute strain 
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occurring at the surface, instead it provides texture evolution data in the absence of 
quantitative material deformation information. 
One could potentially utilize EBSD in conjunction with a DIC-based method to 
specifically map the grain scale activity both in quasi-static and dynamic regimes. In 
addition to a more complete study of the deformation mechanisms, a further look into the 
texture evolution in cast versus rolled magnesium could offer a better idea of how the 
material surface changes with respect to preparation process. This approach could be paired 
with a DIC-based study on the heterogeneous strain patterns. 
Also, a more comprehensive look into the fundamental differences between pure 
magnesium and magnesium alloys could be achieved by adopting the methodologies 
described in this manuscript. One could compare the granular activity of both materials 
and make conclusions based on the presumed variations in the localized deformation 
behavior. 
Most importantly, the versatility of the methods described in this work can 
potentially extend to effectively characterizing the microstructural response of virtua lly 
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